The functions of the transcriptional co-activators YAP and TAZ in bone are controversial. Each has 18 been observed to either promote or inhibit osteogenesis in vitro, while their roles in bone development 19 are unknown. Here we report that combinatorial YAP/TAZ deletion from skeletal cells in mice caused 20 osteogenesis imperfecta with severity dependent on targeted cell lineage and allele dosage. Osteocyte-21 conditional deletion impaired bone accrual and matrix collagen, while allele dosage-dependent deletion 22 from all osteogenic lineage cells caused spontaneous fractures, with neonatal lethality only in dual 23 homozygous knockouts. We identified putative target genes whose mutation in humans causes 24 osteogenesis imperfecta and which contain promoter-proximate binding domains for the YAP/TAZ co-25 effector, TEAD4. Two candidates, Col1a1 and SerpinH1, exhibited reduced expression upon either 26 YAP/TAZ deletion or YAP/TAZ-TEAD inhibition by verteporfin. Together, these data demonstrate that 27 YAP and TAZ redundantly promote bone matrix development and implicate YAP/TAZ-mediated 28 transcriptional regulation of collagen in osteogenesis imperfecta.
INTRODUCTION
To determine whether Osterix-conditional YAP/TAZ deletion impaired adolescent bone matrix 209 quality, we performed three-point bend testing to failure ( Fig. 4A,B ) on each femur previously analyzed 210 by microCT. The extrinsic bone properties (i.e., maximum load at failure, bending stiffness, work to max 211 load, and work to failure; Fig. 4C -F, respectively) depend on both the intrinsic mechanical properties of would indicate differences in intrinsic matrix mechanical properties between genotypes; however, a 218 best-fit by a single regression line for all groups would indicate that differences in extrinsic behavior are 219 sufficiently described merely by changes in bone geometry 37 . We found that individual regression lines 220 for each genotype best predicted maximum load at failure, indicating significant differences in intrinsic 221 failure properties ( Fig. 4G) . In contrast, a single regression line best fit the stiffness data ( Fig. 4H ),
222
indicating that the differences in stiffness can be attributed to changes in moment of inertia rather than 
250
These data suggested that YAP and TAZ may regulate skeletal cell expression of collagen-251 related genes. To evaluate potential YAP/TAZ transcriptional targets, we first identified candidate genes 252 whose mutations in humans cause osteogenesis imperfecta with similar penetrance to the observed 253 mouse phenotypes ( To determine the roles of YAP and TAZ late in the skeletal cell sequence, we next used 8kbstructure and composition at P0 (Fig. 6A ), without ribcage malformation (Fig. 6B) or spontaneous 311 fractures. Femoral lengths, measured at 12 weeks of age ( Fig.6C) , revealed no effect of YAP/TAZ 312 allele dosage on long bone growth, except for significantly reduced length in the double homozygous 313 knockouts for both sexes (Fig.6D) . A single copy of either gene was sufficient to rescue this defect, 314 suggesting functional redundancy. Therefore, for further analyses, we selected for comparison 315 littermate wild type (WT) and cDKO DMP1 mice. In metaphyseal cancellous bone of the distal femur,
316
YAP/TAZ deletion from DMP1-expressing cells reduced trabecular number and increased trabecular 317 spacing ( Fig.6E-F) . Femoral cortical bone exhibited reduced thickness and area, without changes in 318 medullary area, indicating reduced periosteal bone in cDKO DMP1 mice (Fig.6G-H) . Unlike Osterix-319 conditional knockouts, YAP/TAZ deletion from DMP1-expressing cells did not significantly alter cross samples with lines corresponding to the mean and standard error of the mean (SEM). Sample sizes, n maximum load ( Fig. 7A ; p = 0.3) or bending stiffness ( Fig. 7B ; p = 0.08) in three-point bend testing to 344 failure. Correlation of extrinsic properties with bone cross-sectional geometry (Fig. 7A,B) revealed 345 significantly linear correlations for WT, but not for cDKO DMP bones, though differences in regression 346 lines between WT and cDKO DMP did not reach statistical significance (p=0.4 and 0.1 for maximum load 347 and stiffness, respectively). Matrix collagen content was significantly reduced in cDKO DMP cortical bone 348 while differences in the distribution of collagen fiber alignment did not reach statistical significance (p = 349 0.1) ( Fig. 7C-F) . To assess osteocyte density, the number osteocytes per bone area (Ot.N/B.Ar) were 350 quantified by histomorphometry in cortical bone of the same limbs evaluated for microCT, mechanical 351 testing, and SHIM. Cortical Ot.N/B.Ar was not significantly altered (p = 0.5), and differences in the 352 percentage of empty lacunae were not significant (p = 0.1) ( Fig. 7G-I) . Best subsets regression analysis 353 revealed significant contributions of both bone geometry (section modulus and moment of inertia) and 354 collagen matrix properties (SHG) in predicting mechanical behavior ( Fig. S5A-D) .
355
Like YAP/TAZ deletion from the full skeletal lineage, DMP1-conditional ablation reduced Col1a1 356 expression in vivo (Fig. 7J) , with a similar trend for SerpinH1 (p = 0.15; Fig. 7K ). Col1a2 was not 357 significantly reduced (p = 0.8; data not shown). Unlike Osx-dependent knockouts, DMP1-mediated Table S3 . Sample size, n = 3 independent experiments. 
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